Isoprenoids are an attractive class of metabolites for enzymatic synthesis from renewable substrates. However, metabolic engineering of microorganisms for monoterpenoid production is limited by the need for time-consuming, and often nonintuitive, combinatorial tuning of biosynthetic pathway variations to meet design criteria. Towards alleviating this limitation, the goal of this work was to build a modular, cell-free platform for construction and testing of monoterpenoid pathways, using the fragrance and flavoring molecule limonene as a model. In this platform, multiple Escherichia coli lysates, each enriched with a single overexpressed pathway enzyme, are mixed to construct the full biosynthetic pathway. First, we show the ability to synthesize limonene from six enriched lysates with mevalonate substrate, an adenosine triphosphate (ATP) source, and cofactors. Next, we extend the pathway to use glucose as a substrate, which relies on native metabolism in the extract to convert glucose to acetyl-CoA along with three additional enzymes to convert acetyl-CoA to mevalonate. We find that the native E. coli farnesyl diphosphate synthase (IspA) is active in the lysate and diverts flux from the pathway intermediate geranyl pyrophospahte to farnesyl pyrophsophate and the byproduct farnesol. By adjusting the relative levels of cofactors NAD þ , ATP and CoA, the system can synthesize 0.66 mM (90.2 mg l À1 ) limonene over 24 h, a productivity of 3.8 mg l À1 h
Introduction
Isoprenoids are a valuable class of compounds with applications as pharmaceuticals, flavorings, fragrances, pesticides, disinfectants and chemical feedstocks. 1, 2 Metabolic engineering efforts have successfully endowed microorganisms the ability to synthesize a number of isoprenoids, 3, 4 the most notable being the anti-malarial drug precursor artemisinin. 5 While the broader metabolic engineering field has multiple established success stories, [6] [7] [8] [9] efforts to construct and characterize new biosynthetic pathways remain time-consuming and often require non-intuitive optimization of enzyme expression levels. [10] [11] [12] [13] [14] [15] Cell-free metabolic engineering offers a unique approach for constructing metabolic pathways in vitro to accelerate biological design. [16] [17] [18] [19] [20] [21] [22] [23] Cell-free systems permit easy access to reaction conditions, can circumvent competing byproduct pathways, offer fewer toxicity constraints and avoid the need to divert energy and carbon resources to supporting cell growth. 16 This exquisite control provides a high degree of flexibility to model the kinetics and stability of individual enzymes, measure metabolite fluxes in multistep pathways, study the effects of redox potential on pathway performance and experimentally isolate many other parameters confounded in living organisms. Given these features, several groups have used purified enzymes to construct components of the isoprenoid pathway including phosphoenolpyruvate (PEP) to isoprene, 24 acetyl-CoA to farnesene, 25 mevalonate to amorphadiene, 26 acetate to dimethylallyl pyrophosphate (DMAPP), 27 glucose to limonene 28 and pulegone to menthol isomers. 29 Alternatively, crude extract systems are capable of supporting complex metabolism without needing to purify enzymes. Prominent examples include biosynthesis of proteins, 30 2,3-butanediol, 31 butanol 32 and others. 16, 33, 34 However, no one to our knowledge has yet built a crude extract-based system for studying the complete isoprenoid pathway. Moreover, crude extract pathways have so far been limited to 5 enriched enzymes encompassing 17 biosynthetic steps in total. 32 In this work, we sought to establish a modular cell-free platform to build monoterpene biosynthetic pathways. We constructed a cell-free pathway to the monoterpenoid limonene, a valuable fragrance and flavoring agent as well as precursor for insecticides, biofuels and medicines. 35 While limonene has been successfully synthesized in cells including Escherichia coli, 14, 36, 37 yeast 38, 39 and cyanobacteria, 40, 41 titers are low and toxicity of pathway intermediates may confound efforts to prototype highly active enzymes. 42 In previous work, we used mixtures of enzyme-enriched lysates to synthesize the isoprenoid precursor mevalonate from glucose 43 and quickly tested an unoptimized pathway from mevalonate to limonene. 44 Building on these efforts, this manuscript details the construction of the full glucose-to-limonene pathway. In addition, we identified and characterized a competing byproduct pathway toward farnesol and tuned cofactor levels to enable sustained adenosine triphosphate (ATP) production and higher limonene titers. We anticipate this platform could have future utility as a method for prototyping enzymatic monoterpenoid pathways (e.g. studying the impact of multiple enzyme homologs) since cell-free systems avoid the need to reengineer an organism for each pathway iteration. [45] [46] [47] [48] [49] [50] [51] [52] 2. Materials and methods
Strains and plasmids
Strains and plasmids used in this study are listed in Supplementary Table S1 . Pathway gene sequences were codon optimized, synthesized by Gen9 (Cambridge, MA) and cloned into the modified pET-22b (Novagen/EMD Millipore, Darmstadt, Germany) high copy expression vector pETBCS 31 using the Berkeley Cloning Standard (BglBrick) restriction sites. 53 Strong ribosome binding site (RBS) sequences were calculated using the Salis RBS calculator (v1.1). 54 The sequence encoding limonene synthase (LS) was truncated to remove a plastid signal peptide and cloned using Gibson assembly into the plasmid pJL1 behind an N-terminal tag known to improve in vitro expression. The Nterminal tag is a 15 nucleotide, AT-rich sequence which encodes the first five amino acids (Met-Glu-Lys-Lys-Ile, MEKKI) of chloramphenicol acetyl transferase, which has been used to increase expression in E. coli cell-free protein synthesis (CFPS) systems. 55, 56 Gene sequences (Supplementary Appendix S1) and plasmid maps are included in the supplementary data and all plasmids are available upon request. Routine cloning was performed using the E. coli strain NEB Turbo TM and all DNA-modifying enzymes were purchased from NEB (New England BioLabs, Ipswich, MA). Sequenced-confirmed plasmids were transformed into BL21(DE3) purchased from NEB for protein expression.
Cell-free proteins synthesis of LS
LS was expressed in vitro using a modified PANOx-SP CFPS system described previously 32, 56, 57 with extract prepared using an Avestin EmulsiFlex-B15 homogenizer. After incubating the 15 ml reaction for 3 h at 30 C, geranyl pyrophospahte (GPP) was added to a final concentration of 360 mM and final volume of 25 ml. A dodecane overlay of 25 ml was added and limonene measured over time. After validation of synthase activity, the sequence was cloned into pETBCS for preparation of enriched lysates.
Cell growth and extract preparation
Cells were grown and lysed in a manner consistent with prior work. 31 To make crude extracts, cell pellets were thawed on ice, suspended in S30 buffer (0.8 ml per gram cell pellet), and lysed at 20 000 psi (homogenizing pressure) using an EmulsiFlex-B15 homogenizer (Avestin, Ottawa, ON). To remove insoluble protein and cell debris, lysed cells were centrifuged twice at 30 000 Â g for 30 min and the supernatant (i.e. lysate) was transferred to a new container without disturbing the pellet. Lysate was aliquoted into 100-400 ml volumes and flash-frozen for storage at À80 C. Total protein was quantified by Bradford assay with bovine serum albumin as the standard using a microplate protocol (Bio-Rad, Hercules, CA). Overexpression of enzymes was confirmed by NuPAGE V R SDS-PAGE protein gels using Coomassie stain (Life Technologies/Thermo Fisher Scientific, Waltham, MA). When making new batches of lysate, each was compared to the previous batch and found to have a relatively small variation (typically less than 5-10% of mevalonate or limonene titer, Supplementary Figure S1 ).
Cell-free biosynthesis of limonene
Mevalonate to limonene reactions contained glutamate salts (8 mM magnesium glutamate, 10 mM ammonium glutamate and 134 mM potassium glutamate), 100 mM Bis Tris buffer, 1 mM CoA and mixed extracts, as well as 45 mM ATP, 45 mM PEP and/or 15 mM mevalonate (pH 7.2) as noted. Mevalonate was prepared by alkaline hydrolysis of 1 M (6) All cell-free reactions (25 ml total volume) were incubated at 30 C in a 1.5 ml Eppendorf tube and were overlaid by 25 ml of dodecane to capture volatile products (i.e. limonene). At each time point, the dodecane overlay was removed for limonene analysis while the reaction itself was quenched by precipitating proteins using 25 ml of 5% trichloroacetic acid (TCA) and then centrifuging at 15 000 Â g for 10 min at 4 C. The supernatant was collected and stored at À80 C until analysis. Methods to quantify mevalonate (gas chromatography-mass spectrometry) and other metabolites (high pressure liquid chromatography) are described previously. 43 All measurements were completed as technical replicates since we observed that biological replicates were within 5-10% error (Supplementary Figure S1 ).
Quantification of limonene and other metabolites
Limonene was quantified by diluting 18 ml of dodecane overlay into 180 ml of ethyl acetate containing 20 mgÁml À1 transcaryophyllene (Sigma) as an internal standard. This mixture was injected (1 ml) into an Agilent 7890 A Gas Chromatograph with 5977 A MSD (Agilent, Santa Clara, CA) using an Agilent HP-5MS (30 m length Â 0.25 mm i.d. Â 0.25 mm film) column with helium carrier gas at constant flow of 1 mlÁmin
À1
. 
Results

Construction of a glucose to limonene cell-free system
A set of six enzymes is known to convert mevalonate to limonene ( Figure 1A ). Figure S2) , we found that GPPS was mostly insoluble (GPPS1.0, Supplementary Figure S3) . By decreasing the strength of the RBS, we produced a strain with lowered, but soluble expression of GPPS (GPPS2.1, Supplementary Figure S3) , and this strain was used in subsequent experiments. With six strains each overexpressing a soluble enzyme (Supplementary Figure S4) , we then made crude cell lysates of each by disrupting the cells using high-pressure homogenization and removing cellular debris by centrifugation.
We leveraged the plug-and-play nature of cell-free systems to build a complete limonene biosynthesis pathway in vitro in a step-wise manner. As a first step, we validated the activity of the final enzyme (LS) in isolation. We synthesized LS in vitro using cell-free protein synthesis and added substrate GPP directly to the reaction and observed limonene at concentrations around 0.2 mM (Figure 1B) , a similar titer compared to a previous in vitro study. 36 We conducted preliminary experiments to use cell-free protein synthesis to assemble the full pathway 32 but found that low GPPS protein yields limited this approach. Therefore, to extend the pathway to use mevalonate as substrate, six extracts (each enriched in a single enzyme via heterologous overexpression in vivo) were mixed at equal ratios with mevalonate and cofactors. Since the first three reactions of the pathway are ATP-driven, we tested several energy sources including glutamate, ATP and PEP (Supplementary Figure S5) . The highest limonene titer occurred when 45 mM PEP was added to 15 mM mevalonate, generating 0.71 6 0.028 mM limonene ( Figure 1C ). PEP and ADP are converted to pyruvate and ATP, respectively, by pyruvate kinase present in the cell lysate and this maintains a consistent level of ATP (above 100 lM over 24 h) rather than adding ATP directly (Supplementary Figure S5) . Given that the full pathway produced limonene and these enzymes have been previously characterized, we did not individually assess the activity of each individual enzyme. After completing a mevalonate-to-limonene module, we wanted to expand the pathway to generate the mevalonate and ATP substrates from glucose instead of needing to add expensive, high-energy molecules like PEP.
To build the complete glucose-to-limonene pathway, we coupled multiple modules of metabolism together-glycolysis, an acetyl-CoA-to-mevalonate module, and our mevalonate-tolimonene module. Endogenous metabolism in E. coli crude lysates contains all the glycolytic enzymes necessary to convert glucose to acetyl-CoA. A previously developed module for acetyl-CoA-to-mevalonate conversion consists of a single extract enriched with three enzymes, ACAT, HMGS and HMGR. 43 By mixing this ACAT/HMGS/HMGR enriched lysate capable of converting glucose to mevalonate with the six mevalonateto-limonene lysates plus glucose and cofactors, we are able to construct the complete limonene biosynthetic pathway from glucose. Conveniently, glycolysis generates six net ATP from three glucose molecules, these six ATP are available to convert two mevalonate to one limonene molecule. However, glycolysis generates eight excess reduced nicotinamide adenine dinucleotide (NADH) for every three glucose, which must be recycled to NAD þ by native metabolism in the lysate (Supplementary Figure   S6 ). Using cofactor concentrations established in our prior work, 43 the system generates 0.45 6 0.015 mM limonene over 24 h ( Figure  1D ). Glucose concentration decreases as the reaction progresses and mevalonate accumulates as well as limonene. In total, we extended the metabolic pathway six steps from our previous work 43 which requires 20 total metabolic steps from glucose to limonene. This result highlights the ability of cell-free biology to recapitulate long pathways, as has also been shown in other reports with even more demanding chemistry like polyketides.
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3.2 Characterization of farnesyl pyrophosphate synthase activity (IspA) in the crude lysate
Since E. coli naturally produces isoprenoids using the nonmevalonate DXP/MEP pathway, we next wanted to determine if any endogenous enzymes in the lysate-such as natively expressed idi and farnesyl diphosphate synthase (ispA) (Figure 2A) were accelerating or competing with limonene production. Using the glucose-to-limonene pathway configuration, we tested the necessity of each heterologous pathway enzyme to produce limonene by removing each enzyme-enriched extract one at a time. This leave-one-out type of experiment is quite straightforward with the cell-free approach. When measuring limonene, we found that the system does indeed produce limonene without supplementation of GPPS ( Figure 2B ) suggesting that IspA is active. The small amount of limonene produced in the condition lacking PMK suggests that MK may promiscuously catalyze a second phosphorylation event. Notably, levels of IDI are not high enough in the lysate to catalyze limonene biosynthesis without supplementation.
We hypothesized that other isoprenoid byproducts might exist because previous literature has characterized IspA to have bifunctional catalytic activity as a geranyl/farnesyl diphosphate synthase generating farnesyl pyrophsophate (FPP) (C 15 ) as the primary product. 64 We indeed found that FPP is converted to farnesol, which accumulates in the cell-free reaction at a similar concentration to limonene ( Figure 2B ). This indicates that GPPS, IspA and LS are competing for isopentenyl pyrophosphate (IPP), DMAPP and GPP substrates, particularly since farnesol accumulates highest in the condition where LS is absent from the reaction ( Figure 2B ). Future iterations of this work could consider incorporating an S80F mutation of IspA that favors GPP 65, 66 or implementing transient knockdown strategies 67, 68 to conditionally inactivate this essential gene and thus increase limonene concentration in the reaction. However, as the goal of this work was to establish a modular cell-free platform to build monoterpene biosynthetic pathways in crude extracts, we next sought to validate that tuning small molecule cofactors and energy substrates would impact pathway performance. 
Tuning limonene production by modulating cofactor concentrations
Within enzymatic systems, the concentrations of small molecule cofactors and energy substrates can have a significant impact on pathway activity. 32, 43, 69 To demonstrate the ability of cell-free systems to rapidly tune biosynthetic pathway performance, and with an eye towards improving the glucose-tolimonene titer, multiple cofactor conditions were explored. Similar to our recent effort, 69 we focused on physiochemical salts that are used to mimic the cytoplasm. We also targeted molecules directly involved in the limonene pathways itself. We first adjusted the amount of potassium phosphate and found that increasing concentrations are deleterious to limonene titer (Supplementary Figure S7A) . This is consistent with other results showing phosphate levels higher than 30 mM are inhibitory 69, 70 ; however, previous studies had suggested a small concentrations (10 mM) are beneficial for glycolytic activity. 43, 59 We next tested combinations of supplemental cofactors. NAD þ , ATP and CoA were removed one-by-one, in pairs, and all together and we found that a system without any supplemented cofactors catalyzed the same limonene titer as the initial condition with 1 mM each (Supplementary Figure S7B) . This is not altogether surprising since lysates are not dialyzed during preparation and are known to contain catalytic amounts of NAD þ , ATP and CoA which we have previously measured. 43 While not explored in this study, our previous work suggests that dialysis of crude lysates may be insufficient to remove all cofactors and other small molecules (such as nucleotides). 71 In order to better characterize the complex reaction environment, we next considered a panel of metabolites over the course of the cell-free reaction under four different conditions (Figure 3) . We compared glutamate to acetate as an alternative counterion for K þ , NH 4 þ and Mg 2þ ions added to the reaction; acetate salts had improved the titer of mevalonate in our previous work. 43 We also tested the presence or absence of supplemental cofactors (1 mM ATP/CoA/NAD þ and 10 mM phosphate).
The addition of cofactors to the reaction accelerates the rate of glucose breakdown and lactate production ( Figure 3A, B) . However, the highest limonene titer utilizes glutamate salts without added cofactors and generates 0.66 6 0.009 mM (90.2 mgÁl À1 ) limonene over 24 h ( Figure 3F and Supplementary Figure S8 ). We hypothesize that this condition may be favorable for limonene production because the cofactor limitation slows the rate of byproduct lactate. While the metabolism of acetate to acetyl-CoA provides a potentially beneficial secondary carbon source ( Figure 3C ), it does so at the expense of ATP which may constrain the ATP-dependent enzymes MK, PMK and PMD. For example, mevalonate, the substrate for MK, accumulates to over 40 mM in acetate salt conditions ( Figure 3D ) indicating that ATP is potentially limiting. By measuring ATP concentrations in the reaction, we see that glutamate conditions have a more consistent level of ATP-above 0.4 mM (with cofactors) and 0.01 mM (without cofactors)-compared to acetate salts (Supplementary Figure S9A) . This validates the notion that consistent levels of ATP are important to maintain the reaction. We also see evidence of glutamate metabolism in the accumulation of TCA cycle intermediates succinate (no cofactors) and citrate (with cofactors) (Supplementary Figure S9B, C) . Finally, 10 mM ethanol accumulates across all conditions where it is an additional sink for excess NADH (Supplementary Figure S9D) .
Discussion
In this study, we have validated the ability to mix seven enzyme-enriched lysates to construct a 20-step enzymatic pathway from glucose to limonene containing 9 heterologous enzyme steps. The system generates 0.66 mM (90.2 mgÁl À1 )
limonene over 24 h with a productivity of 3.8 mgÁl À1 Áh À1 . While the goal of the study was to validate the cell-free platform for characterizing and building monoterpenoid pathways and not for biomanufacturing, cell-free production is similar (2-fold less) to a recently published in vivo pathway using glucose ). 14 However, our approach does not require DNA manipulation to balance pathway flux or tune promoters and RBSs [10] [11] [12] [13] ; this decreases the cycle time between experiments. Additionally, a cell-free biomanufacturing system would have fewer toxicity constraints 72 since there is no membrane to be disrupted by limonene and fewer barriers to limonene extraction into the overlay or headspace; such a system would perhaps be well suited for natural product 34 or antimicrobial peptide synthesis. 73 While previous efforts have recapitulated portions of isoprenoid biosynthesis using purified enzymes, [24] [25] [26] [27] the crude extract system presented here reconstitutes the entire pathway from glucose to limonene. This highlights the flexibility that comes with crude extract systems to recycle excess cofactors (Supplementary Figure S6) . 31, 32, 43 One benefit of purified systems, though, is that there is greater control over pathway operation due to a lack of competing pathways. However, these systems can be limited in their ability to regenerate cofactors. 16, 22 Recently, the development of an innovative molecular purge valve system 74 led to the establishment of a high-yielding
, >95% conversion) glucose to limonene system from purified enzymes that balances cofactors. 28 Such valves will be crucial in further expanding cell-free technologies to modulate metabolism in both crude extract and purified enzyme systems. While there are many compelling benefits for using cell-free systems, there are also potential complications. First, our assumption that each enriched lysate is a modular component different only in its enriched enzyme may not be accurate. The overexpression of different enzymes may cause the host cells to have dissimilar proteomes due to cell adaptation and gene expression changes during growth. These differences in the proteome could provide a confounding effect to analysis of data when lysates are mixed. Using CFPS to generate pathway enzymes can limit this effect as there will be no dynamic host response but differences in protein yield could still result in small differences in metabolite concentration. Second, the approach as described is limited to proteins that can be expressed in E. coli and expression optimization does occasionally require time and effort (Supplementary Figure S3) ; however, mixing lysates from multiple organisms has been shown to address this challenge 23, 75 Third, modeling frameworks need to be developed; however, some efforts have already begun to adapt genomescale metabolic models to cell-free metabolic engineering. 76 Looking forward, the cell-free platform described here sets the stage for studying the performance of monoterpenoid metabolic enzymes. In this approach, cell-free lysates, each selectively enriched with an overexpressed enzyme homolog, could be generated in parallel and then combinatorially mixed to construct a full biosynthetic pathway. This would enable the identification of novel sets of enzymes which enable the high limonene titer. For example, the MK from S. cerevisiae used in this work is known to be feedback inhibited by pathway intermediates DMAPP, IPP, GPP, FPP and GGPP and its substrate (mevalonate); other homologs are reported to be less feedback inhibited and could be tested. [77] [78] [79] Though we used wellcharacterized enzymes with known kinetic parameters (Supplementary Table S2 ), such a prototyping environment could also be used to characterize new enzyme homologs and compliment efforts to implement kinetics-guided optimization of metabolic pathways in cells. 80 Since GPP is a substrate for many different enzymes, the lessons learned from this testing strategy could be adapted to study other monoterpene products by exchanging the LS extract for one enriched in a different synthase; others have highlighted this possibility in cells by swapping plasmids encoding a monoterpene synthase. 81 Further, we could study pathway operation in novel metabolic contexts by making made genomic modifications to the extract source strain. An obvious target would be to mutate the native IspA to favor GPP production; 65, 66 previous in vivo efforts have tried this with mixed results. [82] [83] [84] [85] Each of these could be exciting directions, enabled by the rapid nature of prototyping in cell-free systems. [45] [46] [47] [48] [49] [50] [51] [52] Additionally, integration of cell-free protein synthesis would enable swifter design-build-test cycle times, reducing the time to build pathways to hours rather than days. 32 For instance, a recent method utilizing synthetic consortia to produce purified translation machinery could enable added control over reaction conditions for cost-effective, high-throughput analysis. 86 In summary, we expect this work to help advance a methodology of using enzyme-enriched lysates for constructing, characterizing and prototyping enzymatic pathways. This could ultimately prove to be a useful tool in streamlining and accelerating metabolic engineering in living cells. 25 
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